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In  this  work  we  present  studies  on  applicability  of  transition  metal  additives  as  sintering  and  electri¬ 
cal  conductivity  aids  for  cerium  gadolinium  oxide  electrolyte.  The  nanosized  Ceo.85Gdo.15O1.925  powder 
obtained  by  coprecipitation  method  was  modified  with  Cr3+,  Fe3+,  Ni2+  or  Cu2+  ions.  Using  high-intensity 
high-resolution  X-ray  powder  diffraction  data  we  have  determined  that  Cr,  Fe  and  Ni  ions  do  not  incor¬ 
porate  into  the  cerium  gadolinium  oxide  surface  or  bulk  when  sintered  at  1300  °C,  but  react  with  Gd  ions 
to  form  Cro.9Gdo.1O,  GdFe03  and  GdNi03  phases,  while  Cu  incorporates  in  the  material  up  to  0.7mol% 
with  a  significant  fraction  of  remaining  material  showing  poorly  crystalline  CuO  phase.  The  nanosized 
Ceo.85Gdo.15O1.925  material  shows  already  improved  sintering  properties  than  previous  reports  but  full 
sintering  is  not  achieved  below  1300  °C,  however  Cr,  Fe  and  mainly  Cu  impregnation  allows  full  sinter¬ 
ing  at  1300  °C.  0.5mol%  Ni  impregnated  material  sintered  at  1500  °C  shows  enhanced  grain  boundary 
conductivity  that  probably  indicates  that  Ni  incorporates  into  Ceo.84Gdo.15O1.925  above  1300  °C.  The  global 
results  indicate,  however,  that  optimization  of  ceria  microstructure  is  at  least  of  equal  importance  for 
sinterability  and  grain  boundary  conductivity  than  impregnation  of  the  material  with  transition  metal 
ions. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

One  of  the  most  important  issues  for  the  progress  of  the  Solid 
Oxide  Fuel  Cells  (SOFC)  technology  is  to  develop  a  solid  electrolyte 
material  with  higher  oxygen  ion  conductivity  in  comparison  with 
currently  used  materials.  Cei_xGdx02_x/2 -based  electrolytes  seem 
to  be  promising  candidates  for  application  in  SOFC,  especially  in 
the  intermediate  temperature  range  (cells  working  at  600-800  °C) 
[1-4].  The  amount  of  gadolinium  ions,  which  substitute  cerium 
cations  in  their  crystallographic  positions,  plays  a  significant  role 
in  terms  of  optimization  of  the  ionic  conductivity,  with  composi¬ 
tions  between  10  and  20mol%  being  the  optimal  [5].  Since  further 
optimization  of  the  electrical  conductivity  of  grain  interior  for  ceria- 
based  electrolyte  material  seems  very  hard  to  achieve  [6],  other 
ways  to  lower  the  resistivity  of  the  electrolyte  material  should  be 
found. 

As  for  most  of  polycrystalline  ceramics,  also  for  ceria-based  elec¬ 
trolyte,  the  overall  physicochemical  properties  are  determined  by 
both  bulk  lattice  and  grain  boundary  features.  In  terms  of  the  ionic 
conductivity  a  deteriorating  effect  of  grain  boundaries  has  been 
observed  for  both  zirconia  [7]  and  ceria  electrolytes  [2],  what  lim¬ 
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its  the  total  conductivity  of  the  electrolyte  to  that  of  the  grain 
boundary.  Especially  unfavourable  influence  on  the  grain  boundary 
properties  of  Zr02-  and  Ce02-based  materials  has  been  ascribed  to 
a  presence  of  Si02  impurities,  which  forms  amorphous,  siliceous 
layers  showing  a  blocking  effect  for  oxygen  ion  conductivity.  Nev¬ 
ertheless,  also  for  high-purity  Gd-doped  ceria,  inferior  conductivity 
of  grain  boundaries  in  relation  to  bulk  has  been  observed.  This 
was  attributed  to  the  space  charge  effect  [8-10],  which  leads  to 
a  decreased  concentration  of  oxygen  vacancies  in  the  grain  surface 
and,  as  a  consequence,  to  a  decreased  ionic  conductivity.  Taking 
this  into  account  an  effort  leading  to  an  improvement  of  the  grain 
boundary  ionic  conductivity  is  necessary. 

To  overcome  this  drawback  the  addition  of  a  small  amount  of 
transition  metal  ions  in  the  surface  was  proposed  [11-15].  Accord¬ 
ing  to  previous  papers,  transition  metal  ions,  which  mostly  locate 
at  the  grain  boundary  region  or  at  triple  point  junctions  between 
grains  of  the  sinter  [11  ]  can  act  as  both  scavengers  for  siliceous  lay¬ 
ers  and  alternators  for  the  space  charge  potential.  Previous  works 
were  focused  mainly  on  an  addition  of  Mn4+,  Fe3+,  Co2+  and  Cu2+. 
Among  them  Fe3+  and  Co2+  showed  the  strongest  profitable  effect 
on  the  grain  boundary  conductivity.  Moreover,  all  of  these  additives 
are  beneficial  in  terms  of  sinterability  [13,14,16],  which  is  apparently 
due  to  the  emergence  of  a  viscous  flow  sintering. 

Another  motivation  of  these  studies  was  the  fact  that  in  a  fuel 
cell  the  electrolyte  works  in  a  vicinity  of  other  parts  of  the  fuel 
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cell:  perovskite  type  cathode  (usually  containing  some  of  Mn,  Fe, 
Co  and/or  Ni  ions),  anode  (containing  Ni)  and/or  an  interconnector 
-  metallic  or  ceramic  (containing  Fe,  Cr,  etc.)  [3,17]  that,  at  higher 
temperatures,  may  lead  to  an  uncontrolled  contamination  of  the 
solid  electrolyte,  due  to  chemical  reactivity  between  cell  compo¬ 
nents.  So  it  is  required  to  know  the  effect  of  such  a  process  on  the 
conductivity  of  the  electrolyte. 

The  aim  of  this  work  was  to  investigate  the  relation  between 
the  sintering  temperature,  structure  and  electrical  conductivity  of 
Ceo.85Gdo.15O1.925  electrolyte  modified  with  addition  of  transition 
metal  ions:  Cr3+,  Fe3+,  Ni2+  and  Cu2+. 

The  ceria  electrolyte  with  composition  Ceo.85Gdo.15O1.925  was 
chosen  as  a  starting  point  for  this  study.  Four  different  transition 
metal  additives  (Cr,  Fe,  Ni  and  Cu)  with  three  concentrations  each 
(0.5, 1.0  and  2.0mol%)  were  selected  to  be  investigated. 


2.  Experimental 

Ceo.85Gdo.15O1.925  (abbreviated  in  this  work  as  CG015)  powder 
was  obtained  by  a  coprecipitation  method.  A  solution  of  stan¬ 
dard  purity  cerium(III)  and  gadolinium  nitrates  (Ce(N03)3-6H20, 
>99%,  Fluka;  Gd(N03)3-6H20,  99.9%,  Aldrich)  with  appropriate 
molar  ratio  and  total  concentration  of  cations  equal  to  0.1  mol  dm-3 
was  added  to  an  aqueous  solution  of  ammonia  (~6wt.%)  during 
intensive  mixing.  Obtained  precipitate  was  washed  with  dis¬ 
tilled  water  and  isopropyl  alcohol,  filtered,  dried  and  calcined 
at  500 °C  for  1  h.  Afterwards,  an  aqueous  solution  of  transition 
metal  nitrates  (Cr(N03)3-9H20,  >99.9%,  POCH;  Fe(N03)3-9H20, 
>99%,  POCH;  Ni(N03  )2  -6H20, 99%,  Chempur;  Cu(N03  )2  -3H20,  >99%, 
Chempur)  was  added  to  CG015  powder,  what  gave  a  suspension. 
Next,  the  suspension  was  dried  at  70  °C  and  calcined  again  at  500  °C 
for  1  h  in  order  to  decompose  incorporated  transition  metal  nitrates. 
Such  obtained  powders  were  formed  into  13  mm  pellets,  about 
2  mm  thick,  using  uniaxial  pressing  under  pressure  of  70  MPa  fol¬ 
lowed  by  an  isostatic  pressing  under  200  MPa  of  pressure. 

Uniaxial  dilatometric  curves  were  measured  during  sintering 
in  a  Linseis  L75/043B  dilatometer  up  to  1300  °C  using  a  constant 
heating  rate  of  1  deg  min-1 .  Obtained  results  were  corrected  taking 
into  account  thermal  expansion  of  the  empty  dilatometer.  Samples 
for  electrical  measurements  were  sintered  at  1300  and  at  1500  °C 
applying  the  same  heating  rate  as  in  dilatometric  measurements. 

Conventional  X-ray  powder  diffraction  (XRD)  measurements 
of  unmodified  CG015  powder  after  calcination  at  500  °C  were 
performed  using  a  Philips  X’Pert  Pro  diffractometer  with  Cu  Ka  radi¬ 
ation.  Surface  area  of  CG015  powder  was  measured  by  means  of 
BET  method  using  Sorpty  1750  equipment.  The  phase  composition 
of  the  samples  sintered  at  1300  °C  was  investigated  using  syn¬ 
chrotron  X-ray  powder  diffraction  (SXRD)  at  Argonne’s  Advanced 
Photon  Source,  11BM-B  beamline  [18].  The  samples  were  loaded  in 
1  mm  kapton  capillaries  for  a  transmission  geometry  experiment 
using  ~30  keV  energy  radiation  (X  =  0.41425  A).  Data  was  collected 
using  the  12  detector  high-resolution  high-intensity  setup  where 
each  detector  scans  different  ranges  of  the  pattern  and  the  contri¬ 
bution  of  each  detector  is  averaged  to  form  the  final  dataset  in  the 
5  <  20  <  50  deg  range  with  a  step  of  0.001  deg  and  data  collection  of 
0.1  s/step.  Fits  of  the  diffraction  data  were  performed  by  the  Rietveld 
method  with  the  GSAS/EXPGUI  suite  of  programs  [19,20].  Back¬ 
ground,  profile  and  symmetry  allowed  structural  parameters  were 
simultaneously  refined  for  Ceo.85Gdo.15O1.925  or  its  Gd-depleted 
derivatives  and  the  secondary  transition  metal  containing  phase. 
Absorption  correction  was  performed  assuming  40%  packing  den¬ 
sity  of  the  sample  in  the  capillary. 

The  electrical  conductivity  of  the  sintered  samples  was  mea¬ 
sured  using  an  impedance  spectroscopy  Solartron  1260  frequency 
response  analyser  with  an  excitation  voltage  of  0.2  V.  Data  were  col¬ 
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Fig.  1.  XRD  pattern  for  CG015  nanosized  powder  after  calcination  at  500  °C. 


lected  in  the  0.1  Hz-10  MHz  frequency  range,  every  50  °C  from  300 
to  700  °C.  Before  the  measurement  both  sides  of  the  samples  were 
polished  and  covered  with  platinum  paste  (ITME,  type  P-321)  to 
provide  an  electrical  contact.  Registered  impedance  spectra  were 
analyzed  using  ZView®  software  from  Scribner  Associates. 

3.  Results  and  discussion 

3.1.  Structural  characterization  of  starting  CG015 

XRD  measurements  showed  that  the  unmodified  CG015  powder 
after  calcination  at  500  °C  was  a  single-phase,  fluorite-type  material 
(Fig.l). 

Large  peak  broadening  was  observed  as  expected  for  a  very  small 
crystallite  size  of  the  starting  material.  According  to  the  Scher- 
rer  equation,  the  crystallite  diameter  was  estimated  to  be  close 
to  10  nm.  This  value  corresponds  well  to  the  particle  diameter 
obtained  from  BET  surface  area  measurements.  The  specific  surface 
area  was  measured  to  be  72m2g-1,  corresponding  to  an  average 
particle  diameter  of  11  nm.  Good  agreement  between  XRD  and  BET 
data  indicates  that  none  or  only  little  agglomeration  of  the  pri¬ 
mary  crystallites  takes  place  during  the  first  steps  of  processing. 
This  is  favourable  to  obtain  uniform  starting  distribution  of  tran¬ 
sition  metal  ions  after  the  impregnation  step  as  the  solution  may 
reach  all  grain  surfaces. 

3.2.  Sintering 

Sinterability  of  the  obtained  powders  was  tested  using  the  uni¬ 
axial  dilatometry  method.  Fig.  2a-d  depict  linear  shrinkage  rate 
calculated  as  the  numerical  derivative  of  the  temperature  depen¬ 
dence  of  the  relative  length  change  for  unmodified  CG015  and  for 
Cr,  Fe,  Ni  and  Cu-containing  pellets. 

In  the  case  of  CG015  (solid  line  in  Fig.  2a-d)  sintering  starts 
between  500  and  600  °C,  whereas  maximum  shrinkage  rate  appears 
between  650  and  850  °C.  One  may  distinguish  two  overlapping 
shrinkage  maxima  (at  about  700  and  800  °C)  which  may  arise  from 
slightly  two-modal  distribution  of  grain-sizes  in  prepared  powder, 
above  1000  °C  shrinkage  rate  slows  down,  but  even  up  to  1300  °C  is 
not  counterbalanced  by  the  thermal  expansion  of  the  material.  Such 
sintered  pellets  had  relative  density  of  98%.  To  our  best  knowledge 
this  result  is  one  of  the  best  in  the  literature  and  suggests  that  by 
appropriate  preparation  procedure  one  may  obtain  CGO  powders 
with  highly  enhanced  sinterability. 
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Fig.  2.  Shrinkage  rate  vs.  temperature  for  (a)  CG015  +  Cr;  (b)  CG015  +  Fe;  (c)  CG015  +  Ni  and  (d)  CG015  +  Cu. 


The  presence  of  transition  metal  ions  in  the  sintered  CGO  pellets 
led  to  a  significant  change  of  the  sintering  behaviour.  New  max¬ 
ima  appeared  above  800  °C  in  all  the  cases  (Fig.  2a-d),  though  their 
intensity  vary  for  different  ions.  The  observed  shrinkage  maxima 
presumably  correspond  to  a  viscous  flow  sintering,  arising  from  a 
low  melting  temperature  of  a  mixture  formed  by  cerium,  gadolin¬ 
ium,  3d  ions  and  other  impurities  in  the  grain  boundary  region. 
The  temperature  of  the  new  maxima  and  their  intensity  correlates 
with  the  amount  of  the  additive,  what  is  the  clearest  in  the  case 
of  Fe  and  Cu.  In  the  case  of  Ni,  the  dependence  seems  to  be  more 
complicated,  which  may  be  related  to  the  possible  chemical  insta¬ 
bility  of  formed  reaction  compounds  (see  Section  3.3  and  Section 
3.4  below).  The  most  intense  effect  was  observed  in  the  case  of  Cu 
ions,  whereas  the  least  effect  was  registered  for  Cr  ions.  Contrary 
to  the  unmodified  CG015,  for  samples  containing  transition  metal 
ions,  at  temperatures  above  the  maximum,  the  shrinkage  stopped 


and  an  expansion  could  be  observed.  This  most  likely  is  related  to 
the  thermal  expansion  and  implies  that  the  process  of  sintering  was 
ended.  The  relative  density  (measured  by  Archimedes  method)  of 
all  obtained  samples  was  in  the  range  of  95-97%  regardless  to  type 
of  transition  metal  ion  and  its  concentration.  This  observation  may 
be  rationalized  taking  into  account  favourably  low  sintering  tem¬ 
perature  of  unmodified  CG015  powder  itself  in  comparison  with 
the  literature  data.  Values  of  the  temperature  of  maximum  sintering 
rate  reported  in  the  literature  for  CGO  vary  in  a  wide  range  depend¬ 
ing  mainly  on  the  grain  size  of  the  starting  powder.  To  illustrate  this 
phenomenon  a  few  results  have  been  gathered  in  Table  1  in  compar¬ 
ison  with  ours.  It  is  worth  mentioning  that  the  effect  of  transition 
metal  ions  on  sintering  is  most  remarkable  for  micrometer-grain- 
sized  powder  or  for  powder  with  strong  agglomeration.  In  this 
case  the  sintering  temperature  of  the  unmodified  powder  is  usually 
above  1000  °C  and  the  addition  of  transition  metal  ions  provides  the 


Table  1 

Temperature  of  the  maximum  shrinkage  rate. 


Composition 

Particle  size  (nm) 

Temperature  of  maximum  shrinkage  rate  (°C) 

Ref. 

Pure  CGO 

After  modification 

CGO20  +  0.5  at.%  Fe 

100-500 

1520 

1335 

[12] 

CGO10  +  5  mol%  Li 

40  (75  x  600  nm  agglomerates) 

1000 

750 

[16] 

CGO20  +  2  mol%  Co 

20 

930 

870 

[14] 

CG015  +  2  mol%  Cr 

10 

700-800 

800 

This  work 

CG015  +  2  mol%  Fe 

10 

700-800 

920 

This  work 

CG015  + 1  mol%  Ni 

10 

700-800 

1177 

This  work 

CG015  +  2  mol%  Cu 

10 

700-800 

850 

This  work 
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lowering  of  the  sintering  temperature  of  up  to  200  °C.  However,  in 
the  case  of  nanometer-size  powder,  as  it  is  shown  in  this  work,  the 
sintering  temperature  is  especially  low,  even  for  unmodified  CGO, 
and  the  addition  of  transition  metal  ions  does  not  lead  to  a  further 
decrease  of  this  temperature.  It  allows,  however,  in  the  case  of  Cu 
addition  to  achieve  full  sintering  well  below  1300  °C. 

On  the  basis  of  these  results  two  sintering  temperatures  were 
selected  for  preparation  of  samples  for  further  testing:  1300  °C, 
which  allows  obtaining  sinters  with  density  high  enough  to  be  gas- 
tight,  and  could  serve  as  an  electrolyte  membrane,  and  1500  °C, 
which  is  more  common  in  the  literature. 

3.3.  Phase  composition 

The  phase  composition  of  all  obtained  samples  were  studied  by 
XRD  method,  however  samples  sintered  at  1300  °C  were  tested  with 
special  care  using  SXRD,  since  their  electrical  properties  seem  to  be, 
to  some  extent,  different  from  previously  reported  ones. 

Conventional  XRD  measurements  for  all  samples  sintered  either 
at  1300  or  1500  °C  showed  they  are  composed  of  single-phase 
fluorite-type  crystal  structure  and  no  trace  of  additional  phases 
could  be  detected  in  such  measurements.  While  SXRD  pattern  for 
unmodified  CG015  (shown  in  Fig.  3)  revealed  high  purity  of  the 
material,  patterns  for  materials  with  addition  of  transition  metal 
ions  (Fig.  4a-d)  indicate  that  incorporated  transition  metal  ions 
form  new  crystal  phases  and  do  not  exist  as  amorphous  layers 
around  CG015  grains.  Presumably,  these  new  crystal  phases  are 


Fig.  3.  Rietveld  fit  of  synchrotron  X-ray  powder  diffraction  pattern  collected  for 
CG015  sintered  at  1300  °C  ( x  symbols  represent  observed  points,  line  through  points 
is  calculated  intensity,  |  marks  indicate  reflection  positions  and  bottom  line  the 
difference  between  observed  and  calculated  intensities). 


located  at  triple  point  junctions  as  seen  by  Avila-Paredes  and  Kim 
using  TEM  [11]. 

For  chromium,  the  formation  of  a  very  rare  halite-type  CrO 
phase  partially  doped  with  Gd  with  approximate  composition 
Gd0.i  Cro.gO^  (Gd  content  refined  for  2  mol%  doping)  was  detected, 


♦  -  GdFe03 


*  -CuO 


50- 


8.5  9.0  9.5  10.0  10.5  11.0  11.5  12.0 

(d)  20  /°  @  30  keV 


Fig.  4.  Synchrotron  X-ray  powder  diffraction  patterns  for  CG015  modified  with  of  (a)  Cr;  (b)  Fe;  (c)  Ni  and  (d)  Cu.  The  intensity  scale  in  the  left  corresponds  to  the  intensity 
of  the  lowest  pattern,  other  patterns  were  shifted  to  allow  visualization  of  peaks.  Note  that  the  y  scale  for  Cu  is  much  shorter  than  for  other  TMs  to  improve  visualization  of 
very  small  CuO  peaks. 
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Table  2 

Goodness  of  fit  parameters  for  Rietveld  fit  of  the  synchrotron  X-ray  powder  diffrac¬ 
tion  patterns  for  the  samples  sintered  at  1300  °C. 


whereas  addition  of  Fe  and  Ni  led  to  the  formation  of  perovskite- 
type  phases  with  compositions  of  GdFe03  and  GdNi03 ,  respectively. 
Only  Cu  addition  produced  no  reaction  with  Gd  but  led  to  the  for¬ 
mation  of  a  very  small  amount  of  CuO  phase.  The  x2,  Rp  and  wRp 
values  for  the  Rietveld  fits  of  the  obtained  patterns  are  shown  in 
Table  2. 

The  formation  of  halite  and  perovskite-type  phases  lead  to  a 
lowered  gadolinium  content  in  the  main  fluorite  phase  and  as  a 
consequence  influences  bulk  as  well  as  grain  boundary  properties. 
Fig.  5  presents  refined  content  of  transition  metal  ions  secondary 
phase  vs.  transition  metal  ions  content  as  used  in  the  synthesis 
procedure,  whereas  Fig.  6  shows  CG015  cell  volume  vs.  the  additive 
content. 

In  the  case  of  perovskite  phases  the  refined  content  repro¬ 
duces  very  closely  the  amount  of  transition  metal  ions  used  during 
the  synthesis,  indicating  that  detected  perovskite  phase  gathers 
the  whole  amount  of  iron  and  nickel.  The  presence  of  heavy  Gd 
cations  in  CrO  phase  is  proposed  after  an  undoped  CrO  phase  would 
not  explain  the  higher  than  expected  weight  percentage  of  this 
secondary  phase.  Refinement  of  Gd/Cr  ratio  in  Gdo.iCro.gO^  is 
complicated  due  to  the  very  small  amount  of  this  phase  in  the 
studied  samples  and  the  Gd  content  may  differ  by  up  to  30%  of 
the  reported  value.  The  accurate  refinement  of  the  amount  of  this 
phase  (Fig.  5a)  suggests  that  the  reported  value  is  reasonable  within 
the  precision  of  the  study. 

The  opposite  effect  was  observed  for  Cu  ions.  For  sample  con¬ 
taining  0.5  mol%  of  Cu  no  new  peaks  were  detected,  while  for  1.0  and 
2.0mol%  hardly  visible  peaks  corresponding  to  CuO  appeared  and 
allowed  to  calculate  the  CuO  content  equal  to  0.03  and  0.12  mol%, 
respectively.  Such  a  small  content  of  the  new  phase,  in  relation  to 
amount  introduced  during  synthesis,  demonstrates  that  some  Cu 
dissolves  in  ceria  lattice  forming  a  solid  solution.  We  have  estimated 
a  limit  of  the  solid  solution  formation  in  the  CGO— Cu  system  to  be 
0.7  mol%  (Fig.  5b)  by  extrapolation  of  observed  contents  in  1  and 
2  mol%  samples.  But  the  slope  of  the  dependence  of  the  refined  Cu 
content  vs.  Cu  amount  used  during  synthesis  is  less  steep  than  the 
one  expected  for  complete  segregation  of  a  crystalline  CuO  phase. 
This  may  suggest  the  existence  of  some  amount  of  an  amorphous 
phase  present  in  the  samples,  probably  at  CGO  grain  boundaries. 

CGO  15  unit  cell  volume  changes  follow  the  expected  trend  with 
increasing  amount  of  transition  metal  content.  In  the  case  of  iron 
and  nickel,  formation  of  gadolinium  containing  perovskite  phases 
was  accompanied  by  relatively  strong  decrease  of  the  lattice  dimen¬ 
sions  of  remaining  CGO  phase  as  shown  in  Fig.  6.  This  effect  is 
connected  with  decreased  gadolinium  content  in  ceria  and  it  stays 
in  an  agreement  with  the  data  of  Cei_xGdx02_x/2  unit  cell  vol¬ 
ume  as  a  function  of  gadolinium  content  [21].  A  deviation  from 
the  expected  linear  behaviour  for  Ni-containing  samples,  specif¬ 
ically  for  2mol%,  may  be  explained  by  the  observation  of  peak 


Fig.  5.  (a)  Refined  content  of  transition  metal  containing  phase  vs.  transition  metal 
content  used  during  synthesis  and  (b)  refined  Cu  content  of  vs.  Cu  amount  used 
during  synthesis.  Dash  line  indicates  1:1  correspondence  between  calculated  and 
found  concentrations. 


Fig.  6.  Cei_xGdx02_x/2  unit  cell  volume  vs.  transition  metal  content.  Gd  content  is 
significantly  reduced  by  Fe  or  Ni  molar  content  for  the  different  samples. 
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Fig.  7.  Impedance  spectrum  of  CG015  at  358  °C  (circles  -  experimental  data;  solid 
line  -  simulation)  and  the  equivalent  circuit  used  for  interpretation  of  impedance 
data. 

shape  changes  in  CG015  material  between  1  and  2mol%  patterns 
that  reduced  the  quality  of  the  fit  in  the  second  case  (see  Table  2). 
These  changes  may  be  associated  to  an  ongoing  transformation  of 
the  sample  at  1300  °C  as  depicted  in  dilatometry  measurements  for 
Ni  2  mol%  sample  (Fig.  2c)  where  the  largest  magnitude  of  volume 
change  is  observed  for  this  sample  respect  to  all  the  other  studied 
ones.  This  is  also  consistent  with  the  observation  of  broad  peaks  of 
GdNi03  as  compared  with  GdFe03  in  Fig.  4b  and  c.  As  expected  the 
presence  of  Cr  and  Cu  ions  caused  only  small  variations  in  lattice 
constants  that  can  be  considered  to  fall  within  the  experimental 
error. 

3.4.  Electrical  conductivity 

Fig.  7  shows  an  exemplary  impedance  spectrum  for  CG015 
measured  at  358  °C,  at  which  three  separate  semicircles  may  be 
distinguished.  The  lowest  frequency  semicircle  is  attributed  to  the 
sample-electrode  connection;  the  medium  frequency  semicircle 
corresponds  to  grain  boundaries,  while  the  highest  frequency  arc  is 
attributed  to  the  grain  interior  (bulk)  response.  This  type  of  spec¬ 
trum  is  usually  modelled  as  three  RC  (or  often  RCPE)  elements 
connected  in  series  (as  it  is  presented  in  Fig.  7)  [1].  The  separa¬ 
tion  of  these  three  contributions  takes  place  due  to  different  time 
constants  (RC,  where  R  -  resistance,  C  -  capacitance).  In  the  present 
case  the  capacitances  of  the  components  at  358  °C  (calculated  from 
fitting  the  experimental  data)  were  Cbulk  =  10-11  F,  Cgb  =  10-8  F  and 
Cei =  10-7  F,  in  good  agreement  with  values  estimated  by  Perez-Coll 
et  al.  [22].  The  observed  semicircles  were  slightly  depressed,  prob¬ 
ably  due  to  some  dispersion  of  physical  properties.  This  lack  of 
homogeneity  is  described  with  parameter  n,  which  for  ideal  capaci¬ 
tor  equals  1.  For  the  measured  spectra,  n  was  0.8  for  bulk  and  0.7  for 
both  grain  boundary  and  electrode  response.  The  time  constants  of 
semicircles  changed  with  temperature  and,  as  a  consequence,  the 
observed  semicircles  shifted  to  higher  frequencies  as  temperature 
rose.  Analysis  of  the  impedance  spectra  measured  as  a  function  of 
temperature  allowed  to  plot  Arrhenius  dependences  of  the  bulk  and 
grain  boundary  electrical  conductivities  of  the  considered  materi¬ 
als. 

Fig.  8a  and  b  present  these  contributions  to  the  total  electrical 
conductivity  for  CG015  sintered  at  1300  and  1500  °C.  In  the  case 
of  the  material  sintered  at  1500  °C  (Fig.  8b)  for  the  whole  exam¬ 
ined  temperature  range  the  bulk  conductivity  is  higher  than  the 
grain  boundary  one.  The  difference  is  about  2.6  orders  of  magni- 


T/°C 

700  600  500  400  300 


T/°C 

700  600  500  400  300 


Fig.  8.  Electrical  conductivity  of  bulk  and  grain  boundary  vs.  temperature  for  CG015 
sintered  at  (a)  1300  °C  and  (b)  1500  °C. 


tude  at  300  °C  and  0.3  orders  of  magnitude  at  700  °C.  This  causes 
that  the  total  conductivity  is  mainly  affected  by  the  grain  boundary 
contribution.  Somewhat  different  situation  takes  place  for  CG015 
sintered  at  1300  °C  (Fig.  8a).  Flere  the  bulk  and  grain  boundary  con¬ 
ductivities  are  closer  and  whereas  at  300  °C  the  bulk  conductivity 
is  about  0.6  orders  of  magnitude  higher  than  the  grain  boundary 
one,  at  700  °C  the  situation  is  reversed  and  the  grain  boundary  con¬ 
ductivity  is  about  0.3  orders  of  magnitude  larger  than  the  bulk.  It 
should  be  pointed  out  that,  for  both  sintering  temperatures,  bulk 
conductivity  remains  almost  unchanged,  except  of  a  little  differ¬ 
ence  in  activation  energies.  The  reason  of  the  difference  in  electrical 
properties  between  CG015  sintered  at  1300  °C  and  1500  °C  is  prob¬ 
ably  related  to  changes  in  the  composition  of  grain  boundary  phase 
caused  by  an  intensification  of  segregation  of  impurities  present  in 
the  material  and/or  other  microstructural  changes  such  as  crystal 
growth.  The  segregation  is,  most  probably,  more  intensive  during 
sintering  at  higher  temperatures  which  results  in  deteriorated  con¬ 
ductivity.  Similar,  but  not  so  large,  effect  of  sintering  temperature 
on  the  grain  boundary  conductivity  was  observed  by  Zhang  et  al. 
[23].  Comparing  previously  published  data  of  the  electrical  con¬ 
ductivity  of  CG015  [2,24]  and  the  values  obtained  in  this  work 
one  may  conclude  that  the  reported  bulk  conductivities  are  very 
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Fig.  9.  The  influence  of  chromium  on  (a)  bulk  and  (b)  grain  boundary  electrical 
conductivity  of  CG015  sintered  at  1500  °C. 


similar.  However,  grain  boundary  conductivity  is  very  sensitive  to 
impurities  present  in  the  materials  and  also  depends  on  preparation 
conditions.  This  leads  to  a  discrepancy  between  different  communi¬ 
cations.  Our  results  for  grain  boundary  electrical  conductivities  for 
CG015  sintered  at  1300  °C  lay  in  the  middle  of  the  range,  whereas 
for  samples  sintered  at  1500  °C  seems  to  be  rather  small. 

The  observed  major  improvement  of  the  electrical  conductiv¬ 
ity  of  CG015  sintered  at  1300  °C  comparing  to  the  sample  sintered 
at  1500  °C  is  of  the  same  order  of  magnitude  as  the  improvement 
achieved  by  transition  metal  modification  reported  in  literature. 
Therefore,  the  difference  of  the  CG015  grain  boundary  electrical 
conductivity  for  two  applied  sintering  temperatures  led  to  the  dif¬ 
ference  in  the  effect  of  transition  metal  ions  addition. 

As  an  example  Fig.  9a  and  b  depict  the  bulk  and  grain  boundary 
electrical  conductivities  for  CG015  sintered  at  1500  °C  in  the  case 
of  chromium  addition.  In  this  case  the  influence  of  transition  metal 
additive  on  bulk  conductivity  is  minor  (Fig.  9a),  while  the  effect 
on  grain  boundaries  is  much  intensive.  The  results  for  all  tested 
compositions  sintered  at  1500  °C  were  gathered  in  Fig.  10a  and  b, 
where  the  electrical  conductivity  vs.  transition  metal  ions  content 
is  presented.  In  the  case  of  all  tested  materials  effect  of  3d  metal 
addition  on  the  bulk  conductivity  changes  was  minor  and  did  not 
exceed  ±50%,  except  CG015 +  2.0mol%  Cu  where  a  solid  solution 


(b)  TM  content  /mol.% 

Fig.  10.  Electrical  conductivity  of  CG015  vs.  transition  metal  ions  content  sintered 
at  1500  °C. 

formation  is  postulated,  that  leads  to  a  decreased  electrical  conduc¬ 
tivity.  Changes  of  the  grain  boundary  electrical  conductivity  upon 
transition  metal  ions  introduction  was  much  more  significant.  For 
example  in  the  case  of  CG015 +  2.0mol%  Ni  six-fold  improvement 
was  achieved. 

Similarly  as  for  unmodified  CG015,  also  for  transition  metal  ions 
containing  materials  the  improvement  of  the  grain  boundary  con¬ 
ductivity  was  observed  upon  lowering  the  sintering  temperature. 
However,  in  this  case  the  improvement  was  not  so  significant  and  as 
a  consequence  it  was  possible  to  achieve  only  slight  improvement 
only  for  1.0  and  2.0  mol%  of  Fe  ions.  The  electrical  conductivity  val¬ 
ues  measured  at  600  °C  for  prepared  compositions  were  collected 
in  Table  3. 

As  can  be  seen  analysing  data  from  Table  3  the  actual  effect 
of  transition  metal  ions  addition  cannot  be  easily  described,  espe¬ 
cially  for  the  materials  sintered  at  1300  °C  where  clear  segregation 
of  phases  is  observed  for  Cr,  Fe  and  Ni  impregnated  samples.  It 
seems  that  the  starting  properties  of  the  unmodified  CGO  play  an 
extremely  important  role  and  optimization  of  the  pure  CGO  has 
similar  effect  as  transition  metal  ions  addition.  For  the  materials 
sintered  at  1300  °C,  with  an  exception  of:  CG015  + 1.0  and  2.0  mol% 
Fe  and  2.0  mol%  Ni,  the  improvement  of  the  electrical  conductivity 
upon  transition  metal  ions  addition  was  not  observed.  Correlat¬ 
ing  this  fact  with  structural  analysis  presented  in  part  3.3,  which 
showed  the  presence  of  crystal  phases  of  crystallite  sizes  of  the 
order  of  micrometers,  one  may  come  to  conclusion  that  the  inter¬ 
action  of  transition  metal  ions  with  CG015  is  rather  subtle.  Probably 
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Table  3 

Bulk  and  grain  boundary  electrical  conductivity  of  CG015  with  addition  of  transi¬ 
tion  metal  ions  sintered  at  1300  and  1500  °C.  Electrical  conductivity  higher  than  for 
unmodified  CG015  were  marked  with  gray  colour.  The  maximum  relative  error  of 
the  presented  values  equals  about  15%. 


a  bulk  at  600°C/mS  cm'1 

ogb  at  600°C/mS  cm'1 

Sintered  at 

1300°C 

Sintered  at 

1 500°C 

Sintered  at 

1300°C 

Sintered  at 

1 500°C 

CG015 

13.1 

11.7 

17.5 

1.9 

CGO15+0.5Cr 

8.4 

16.1 

7.9 

2.8 

CGO15+1.0Cr 

7.6 

16.1 

6.1 

3.8 

CGO15+2.0Cr 

4.8 

14.4 

2.2 

6.0 

CGO15+0.5Fe 

8.0 

9.3 

8.3 

4.0 

CGO15+1.0Fe 

17.2 

10.0 

19.4 

2.5 

CGO15+2.0Fe 

17.2 

8.4 

17.5 

1.7 

CGO15+0.5Ni 

6.7 

17.0 

3.8 

14.0 

CGO15+1.0Ni 

6.8 

14.2 

2.8 

7.6 

CGO15+2.0Ni 

14.6 

13.5 

17.0 

9.9 

CGO15+0.5Cu 

11.2 

14.4 

5.4 

4.3 

CGO15+1.0Cu 

8.1 

11.5 

2.6 

1.8 

CGO15+2.0Cu 

5.8 

2.0 

3.0 

0.9 

these  secondary  phases  occupy  triple  point  junctions,  what  causes 
that  the  only  mechanism  of  interaction  may  be  through  gadolinium 
extraction  (at  least  for  Fe,  and  Ni),  where  perovskite  phases  were 
formed. 

However  for  CG015  sintered  at  1500  °C,  which  had  lower 
electrical  conductivity  than  the  one  from  1300  °C,  the  addition 
of  transition  metal  ions  seems  to  be  beneficial,  what  stays  in 
agreement  with  literature  data  [11,12].  This  observation  may 
be  rationalized  assuming  decomposition  at  temperatures  above 
1300 °C  of  formed  perovskites  and/or  possible  wetting  of  grain 
boundaries  by  the  transition  metal  ions  which  would  alternate  the 
space  charge  potential.  The  first  hypothesis  could  also  be  confirmed 
by  thermal  expansion  measurements  that  clearly  show  that  for 
2  mol%  Ni  sample  there  is  some  kind  of  process  still  occurring  at 
1300°C. 

It  should  be  noted  however,  that  the  most  of  obtained  materials 
posses  sufficiently  high  electrical  conductivity  for  practical  appli¬ 
cation  for  instance  for  SOFCs  working  at  intermediate  temperature 
range. 

Further  high-intensity  high-resolution  X-ray  diffraction  mea¬ 
surements  will  be  performed  to  determine  the  difference  between 
samples  sintered  at  1300  and  1500  °C. 

4.  Conclusions 

This  work  shows,  to  the  best  of  our  knowledge  for  the  first  time, 
that  crystalline  phases  are  formed  upon  the  addition  of  a  small  (less 


than  2  mol%)  amount  of  transition  metal  (Cr,  Fe,  Ni  and  Cu)  ions  to 
CG015  material,  to  modify  ceria  grain  boundaries. 

Performed  studies  revealed  that  in  the  case  of  not  optimized 
(sintered  at  1500  °C)  electrolyte  materials  the  improvement  of  the 
ionic  conductivity  upon  the  addition  may  be  significant,  however 
appropriate  type  and  amount  of  3d  metal  is  required.  The  applica¬ 
bility  of  transition  metal  additives  for  ceria-based  electrolytes  for 
which  target  sintering  temperature  is  around  1300  °C  is  doubtful. 
Our  studies  revealed  that  regarding  sinterability  and  grain  bound¬ 
ary  conductivity  the  optimization  of  the  microstructure  of  starting 
ceria  material  is  at  least  of  equal  importance  to  the  impregnation 
of  grain  boundaries  with  transition  metal  ions. 
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